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SUMMARY

A brief theoretical treatment is given of the problem of
calculating the rise in total temperature of a gas which flows through
an electrically-heated tube. The theoretical relations obtained are
then used to guide the analysis of the results of the experimental
development of a graphite resistance heating element in a hypersonic
wind tunnel which uses nitrogen as the test gas (see Parts | and I1I).
The analysis indicates that certain simple empirical relations may be

used to provide a basis for the assessment of heater performance.
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DEVELOPMENT OF A GRAPHITE RESISTANCE HEATER
FOR A HYPERSONIC WIND TUNNEL USING NITROGEN

Part 11l: Analysis of Heater Performance

I, INTRODUCT ION

Part | of this report (Reference |) describes a pilot
hypersonic wind tunnel which uses nitrogen as the working gas, and
Part || (Reference |) describes qualitatively the development of a
graphite resistance element for heating the nitrogen. In this
Part 11|, a more detailed description is given of the analysis of
the performance of the heater and a selection of results from the
exper imental program is presented.

From the point of view of the final element as a component
of a wind tunnel, it is necessary only to have a graph of the vari-
ation of gas total temperature with current for selected values of gas
total pressure in order to summarize the heater performance. However,
In the present system the gas total temperature is not measured
directly but is obtained using a method based on the measurement of
mass flows, and this has led to a great deal of scatter and non-
repeatability in such simple performance plots (Reference 1). Further,
in view of the extreme conditicns of temperature and pressure which
exist together with high electric currents wf*hin a very compact
element geometry, comparatively few physical measurements can be

made with ease in the immediate vicinity of the graphite element.
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The performance must, therefore, be described on the basis of the
limited 1nformation contained in measurements of the Inputs and outputs
of the system. For these reasons, a simplified theoreftical investigation
is undertaken to provide at least a guide to the interpretation of the
experimental test results.

in Section 2, an idealized heating system Is considered and
certain theoretical aspects of it are treated briefly. Then in
Section 3, the experimental results obtained with the actual heating
system used in the pilot nitrogen tunnel are analyzed on the basis of
the theoretical formulae . The results of the analysis are used in
Section 4 to produce comparable performance curves for two hypothetical
idealized heating elements. Some concluding remarks are made in

Section 5.
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2. THEORETICAL CONS IDERAT ;ONS

, 2.1 ldealised heating system

The primary purpose of these theoretizal corsidzrations is
to provide some guidance to the analysis of experimental results.
We consider the following Idealised heating system. A heating
element is constructed from a pure impermeable material in t&e
form of a straight cylindrical tube of circular cross-section.

At room temperature there is an adiabatic forced-conve:*ion fiow of
a pure inert thermally-perfect gas through the eiemen*: this is
called the "cold flow"., The hass flow of gas is contrn!led by a
sonic orifice external to the eiement. An alternating electric
current of fixed amplitude Is passed through the element whi:h
constitutes a wholly resistive load. The *otal temparature of the
gas at the entrance tou the elemert is maintained at roo. temperatire,
and the entrance to and the exit of the elerent and the orifice are
maintained at room temperature also. The gas fotai temperature and
the gas total pressure do not vary between the exit of the element
and the orifice, and the gas total pressure a* the oritice is con-
trolled to be constant at its value in the cold flow. The element
Is surrounded by a perfectly efficient radiation shield.

It is required to find the relation between the total
temperature of the gas at the exit of the element (and hence at
the orifice) and the applied current, in terms of the relevant
properties of the element material, the element geometry, the gas
and the cold flow. A more comprehensive requirement would be for

. the detailed solution of the steady flow of gas through the elemeni
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..............
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under the heating conditions imposed by the application of the
constant current. However, for the present purpose It is necessary
to possess only sufficient details of the internal flow to enable
a formula for the gas total temperature to be deduced.

We denote the gas total temperature by T; and the current
by i. In non-dimensional form, the independent variable is fakén

to be M defined by

r

where rg, m, and °p, are the values of the resistance of the element,

the mass flow of gas and the specific heat of the gas at room

Temperafure; Tos the principal dependent variable is taken to be T

defined by

T4-T
e oL @ (2)

2.2 External energy balance

The external energy balance states that the electrical power
supplied to the element is equal to the sum of the rate of heat addi-
tion to the gas and the rate of external heat loss; there is no
external work done.

The electrical power supplied to the element is ri2 where r
is the resistance of the element when the current i is passing; we

introduce the non-dimensional quantity A defined by

..........................
..............................
__________________________________________

IR N P

U TE



= e TAER A » &

......

A= (3
monoTo

The rate of heat addition to the gas is the increase of
total enthalpy per unit time, namely m(h*-ho) where m is the mass

flow when the current | s passing and (hy-hg) is the increase of

the specific total enthalpy of the gas from the entrance to the exit

of the element; we inftroduce the non-dimensional quantity

defined by

m(hf'ho)

mochTo (4)

Now the mass flow is given (see Part 1) by the formula

FA*pf
m= — ; (5)
(RT,)?

where A* s the orifice area, py is the total pressure at the
orifice, R Is the gas constant for unit mass and T is a

factor which is taken to be effectively constant numerically. The
cold mass flow Is, therefore,
r Ag Py

Mo o) (6)

(RT5)?
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The total pressure p; Is controlled to be equal to p*o for any
current, and it is assumed that the orifice area does not change

with gas temperature, that is we take

A* = Ag (7)
Hence it follows that
3
Al To oo ;2 (8)
Mo T+

Also, for a thermally-perfect gas, the quantity (h1-ho)/cp To is a
o
function of T only, and for the range of temperatures of interest

we may assume that it can be represented analytically by the formula

To

= 1t (l+kt) , (9)

g
where k is a small constant which represents the departure of the gas
from a calorically-perfect gas; a study of the enthalpy of nitrogen
(from the data of Reference 2) leads to the choice k = 0.0185 wifﬁ

To = 530°R., for this gas. Therefore, it follows that for a

given gas u depends on Tt only and can be calculated once and for

all as a function of T 12
)

1 () 5 ) el ) ; (10)

the variation of p with T for nitrogen is shown in Figure |I.
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The rate of external heat loss is given, in the absence of
losses due to radiation, by the rate at which heat is conducted away

from the ends of the element; introducing the non-dimensional quantity

v defined as the rate of external heat loss divided by mocpoTo,
we have
1: \
A dT dT i
, O"E E E
Vo= _— = s c(n
dx dx _

mocpoTo

where _go

room temperature*, A is the cross-sectional area of the element (not

is the thermal conductivity of the element material at

including the area of the gas passage), and |dTg/dx| y .o and

dTg fdx x={ are the temperature gradients along the element at

the entrance and the exit; the length of the element |s denoted by
and x denotes distance along the element from the gas entrance. We
assume that the element temperature Tg increases from T, at the gas
entrance to a maximum TEmax and then decreases to Ty at the gas exit.

and E

By Introducing the non-dimensional quantities T’Eﬁ T

Emax
defined by
Te-T
E"'o
Te = , (12)
To
T - Emax--ro
Errax To s (13)
X
£ = — 5 (14)

* For graphite, there exists a rough but useful relation (Ref. 3) which
connects the room temperature values of thermal conductivity '§,
and resistivity O, of many different grades of graphite; in the units
uced in the present Iinvestigation the relation is
(¥ o watts per inch OR.)( po ohm inches) = 0.00130 watt
ohms per °R.
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we write the element temperature distribution In the form

T = TEpax Y ,0<E< 1, (15)

where f( § ) Is unspecified except that f(0) = 0 = f(1l) and

fmax = |« |t then follows that

T, A
Ve 2= (HO-framnTe (16)

MQCpoe

We now connect the gas total temperature and the element maximum

temperature by writing

T
"Emax = "~ ’ {n
where :K depends on T and the various non-dimensional parameters
of the system. It then follows that
: \
l‘. AE q
v= 72T (F1(0)-F1 (1)) I/ T (18)

&l |
mocpo{ \ [

and this expression is simplified by writing

!

(1/a~- 1) = };LQE___l (£ (O)=F'(1)) 9€< s (19)
mono {J '

so that we have

v=(l/la- I)T
(20)



ol e A S T o St e D e O/ SR FD Pl el ol i e AR R AL SIS S AL oL R

» b

It may be remarked that the quantity a is reiated toc
the efficiency of the heating system 1 which is defined as the
ratio of the heat received by the gas to the energy supplied to the

element and Is, therefore, given by

Since the external energy balance gives tha relation

A=po+V

(22)

It follows from equations (2}), (22), (10) and (20) that ? and o

are connected by

|+ kT
N = (23)

L+ kre/a-D G +nf

If T, denotes the limiting value of M in the cold flow,

fol lows that
lim _
r=0 7T :
T (24)
so that the initial value of ¢ is the initial efficiency of the
system.

For subsequent use, the most convenient expression of the

external energy balance is

A=p+(l/a-DT (25)

Vot
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It is recalled that for a given gas depends on T only; G
is regarded as a quantity which depends on T and on the non-

dimensional parameters of the system.

2.3 Relation between gas total temperature and current

The independent variable K defined by equation (1)

is connected with the quantity A\ by the relation

A =BK
(26)
where B is given by

B is regarded as a quantity which depends on T and the non-

dimensional parameters of the system. The form of B mzy be obtained

from the relations (15) and (17) used in expressing the required
features of the solution of the internal flow probiems (f the
resistivity of the element .material at room temperature is denoted
by pg, and the variation of the resistivity p Is written in

the form

p/po = g( TE) ’ (28)

then it follows, since the area of the element is constant, that

Ll
A

(29)

- 10 -
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r= " i g(Tgdx . (30)

Hence, by using equations (I5) and (17), we have

]
B = } g (t/~ £(8) ) d& . (31)
o]

By combining equations (25) and (26) we obtain the form of the

required relationship between U and K

-~

K =1+ Ula-1D 1] (32)

where, for *he idealised system considered, @ and B are given

by equations (19) and (31), respectively.

'



3. ANALYSIS OF EXPERIMENTAL RESULTS

3.1 Differences between idealised and actual heating systems

Element material

The idealised material is pure and impermeable, and has
known physical p;operfles. The graphites used In the present tests
were neither pure nor impermeable, and their physical properties were
not known accurately enough quantitatively to be usable in calculating
heater performance. The purity of the graphite depended on the grade;
some grades contained néflceable amounts of heterogenous ash in addi-
tion to the carbon compounds ordinarily present in commercial graphites.
The permeability of the graphite also depended on the grade. There is
a further complication in the fact that the purity, porosity and
physical properties of the graphites varied siightly from pi;ce to

piece within the same grade.

E lement geometry

By comparison with the simple cylindrical tube considered as
the idealised heating element, the actual elements had very complicated
geometries. The cross-sectional area of the solid part of the element
was not constant along the entire length because of fﬁe special shapes
used for the end contacts. The area of the gas passage was constant
over most of the element length, but variations occurred near the
entrance and exit. The passage was not straight-through but in the
form of a spiral, and It was rectangular and not circular in cross-
section. It is, therefore, difficult to relate such a geometrical
shape to a simple tube. Undoubtedly, the formulae deduced for the
conduction losses from the idealised element and the resistance of

the idealised element are not applicable to the actual element.

- |2 -
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The idealised gas is pure and inert and thermally-perfect.
The actual gas was nominally pure but nevertheless it cortained small
properties of other substances and these impurities rendered it not
inert to reaction with graphite. Three brands of rltrogen, of increas-
ing purity, were 9sed during the tests reported here. |t must be
remarked also that nitrogen itself is only approximately thermaily-
per fect at ;he highest pressures involved in the tests. |In addition,
occasionally the gas in the actual system was contaminated with

extraneous substances.

Cold fl9w
On the whole, the cold flow of gas was controlled as

accurately as was.desired, except that a sltight drop in gas total
temperature during a run was possibles There was riot likely to have
been any erosion of the gas passage. The measured value of mass flow
was subject, however, to the accuracy of the calibration of the flow
meter, and in the present tests the flow meter was modified once in
order to facilitate the measurement of the cold mass flow. Unfortun-
ately, it was not possible to measure all the cold flow parameters
involved in the theory, because the cold resistance of the element

was sometimes obscured by the contact resistances at the ends.

Hot flow
The end conditions on the gas total temperature and element
temperature Is assumed in the idealised system were prcbably not
precisely reproduced in the actual system because the cooling system

applied to the ends of the element and to the orifice may not have

-3 -
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been sufficiently effective to reduce the temperatures there to exactly
room temperature. Also, the radiation shield used in the tests was not
likely to have been perfectly efficient in eliminating all radiation

losses. The element was effectively a purely resistive load.

3.2 Procedure for analysis of results

The principle of the analysis procedure is as follows: From
the measurements of the current and the gas total temperature (the
latter obtained indirectly from the mass flow) and the cold flow
parameters it js possible to calculate X and 7 » and to make
a plot of experimental T' against experimental # . We would like
to compare with the experimental points a smooth theoretical curve,
such as that given by equation (32) for the idealised heating system.
However, the theoretical treatment of the idealised system itself is
very incomplete, and when cognizance is taken of the differences
between the actual and idealised systems, it Is clear that the fore-
going theoretical considerations can serve only as a guide to the
analysis of the present experimental results. We consider that the
effect on equation (32) of the differences between the actual and
ideal Ised §ysfem is to alter, in a possibly drastic manner, the
expressions (19) and (31) for the quantities a and B
respecfiveiy in terms of 1 and the cold flow parameters, and also
to limit, because of premature element fallure, the range of applica-
bitity of this equation. However, we assert that the form of
equation (;2) still holds for the actual system. We note that it is
possible to obtain experimental values of & and B by measuring
the voltage v across the eiement for each current setting: firstly,

A may be calculated from

- |4 -
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iv
A =

) (33)

mocpoTo

and then @« is given by the formula, obtained from equation (25),

¥
a = 5 (34)

A ‘i
P
(

PV

7

secondly, r is calculated from

Fh=) e b (35)
i
and then B may be obtained from equation (27), namely
B = r/ro. The aim of the analysis then becomes to examine the

experimental values of the values of the quantities a and B

for evidence of consistency and particular significance which may
lead to the formulation of an empirical relation connecting .
and T .

In fact, in analysing the present resqlfs, the procedure
cannot be carried out precisely as described because It was not
possible to measure r, accurately enough in the cold flow, and
therefore, it is not immediately possible to célculafe 3, and B .
In order to deduce ry, an auxiliary analysis is made of the values
of the element resistance r. We assume that the variation of B

with T can be represented by an equation of the form

B=( +m 2 (I +ar+br 32 (36)

- |5 =
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so that the resistance is given by

r=rqo (1 + N7t (I + a7 + b7 3/2) ’ (37)

From a plot of r against T , it is possible to estimate the minimum

resistance r;, obtained during a run, and we define the quantity ¥

mi
by
- 3
v = (I+71) r/rmIn ‘ (38)
It follows that our assumed form for § s
¥ =ro/rmin (1 +ar + b7 32y (39)

The quantity ¢ can be calculated for each current setting and the
values plotted against Tt . A smooth curve is drawn between the ex-

perimental points, so as to cover the range | £ 1 < 4; let

¥,, ¥5, ¥z be the values of ¥ on the curve at T, =b
= 9/4, Ty = 4; then it follows that ro/rmin is given by
ro/fmin = 1/13 (36 ¥ =32 ¥, +9 45 (40)

and hence r, can be found. It may be noted also that a and b are

given in terms of ¥)s ' *2 and ¢3 by

ar./r

o AL e - 1/13 (37 4 =56 ¥, +19 ¥3) (41)

b f‘o/l"min

i}

I/13 (14 ¢‘ - 24 ¥, + 10 v3) 5 i (42)
so that this method of extrapolating the resistance measurements to

find rg also yields the coefficients in the assumed form (36) for B.

- |6 -
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BeD Some selected results

Lists of the elements tested in the three phases of the
present investigation are given in Sections A.l, A.2 and A.3 of the
Appendix. The lists include information on the values taken by the
basic cold flow parameters; the parameter (A’o, not previously
defined, is a measure of the drop of total pressure down an element
in the cold flow, and is regarded as an indication of the internal
geometry of the element. The analysis of the results of only a few
tests is presented here. The reasons for the exclusion of the
results of the other tests are given in Section A.4 of the Appendix.
It may be remarked that the omitted results are not in any way in-
consistent with those presented, which are selected for convenience

and clarity.

Results for a

Figure 2 shows the variation of o with 7 for Heater |, which
was tested without a radiation shield. |t is noticeable that a
decreases with increase of 1, thus indicating an increase in heat
loss with ingrease of temperature which is consistert with the
existence of /radiation losses at higher temperatures.

Figure 3 shows the variation of a with T for Heaters 9, 10

and |1, all of which were of nearly identical geometry (Regular) and

material (NTOO05) and which were tested in the presence of a radiation

shields These results show repeatability between different runs of the

same heater, near-constancy of & for each heater, and repeatability
between different heaters. The repeatability of the results is
gratifying but is to be expected in comparable tests. The near-

constancy of a is of a more surprising nature, since there is no

=



obvious reason why @ should be independent of T« The trend for
small T Is obscured by the scatter, which is of the magnitude to
be expected from the errors involved in pﬁlculaTing a, which may be
shown to become infinite as T —# 0 when there is an error in mass
flow measurement. The tendency of & to increase for T > 5 is an
indication of the failure of the element leading to partial biocking
of the orifice and a consequent erroneou; measurement of mass flow.

Figure 4 shows the variation of a with 7 for Heaters 12, 13,
14 and |5, which were of nearly identical geometry (Regular) but of
various materials (12: NTOO05; 13, 14: A.T.Jde; [5: RTOO03). These
results show moderately good repeatability between Heater 12 and the
mean value for Heaters 9, |0 and ||, and between Heaters |3 and 14,
but there is an unexplained discrepancy between the results of the two
runs of Heaters 15. It is noticeable again, however, that @ is nearly
independent of T in each run. Failure of the elements occurred at
lower temperatures than for Heaters 9, 10 and 11,

Figure 5 shows the variation of a .with T for Heaters 16
and {7, which were of nearly identical geometry (Short) but of
different materials (|6: RTO004; |17: RTOO03). Repeatability between
the two runs of Heater 16 is good, and the results for Heater 17 are
quite close to those for Heater 16. Again, 0 is roughly independent
of T. These short elements appear to fail at higher temperatures than
the corresponding regular elements. |t gs somewhat surprising, since @
is a measure of the efficiency of the system, that the mean value of a
for the short elements is so near to the mean value of a for the

corresponding regular elements.

- 18 -
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Results for B

Figure 6 shows the variation of B with t for Heaters 9, [0
and |I. The values of ry listed in the Appendix were obtained by per-
forming the auxiliary analysis described in the previous section. This
analysis gave ro/rmin = |,72 for all the heaters. Also, it followed
that a = 0, b = 0.0385, and the curve for B from equation (36) is also
shown in this figure. Repeatability between tests is seen to be quite

satisfactory.

Variation of T with ~

Figure 7 shows the variation of T with A for Heaters 9, 10
and Il. The values of A were calculated using the values of B
deduced from the auxiliary analysis. The analytical curve shown was
obtained by taking the mean value a = 0.8 (from Figure 3) and the
analytical curve for B (see Figure 6) and substituting in equation (32).
The scatter at the higher values of . indicates that the elements

were failing when the measurements were being taken.

- 19 I=



4. EMPIRICAL CORRELATION OF HEATER PERFORMANCE

The foregoing analysis indicates that, despite the various
approximations and assumptions involved in the derivation of heater
per formance, the experimental variations of o and B with T are con-
sistent and fairly simple. By smoothing the results for a and B an
empirical performance curve for T against % can be calculated. We
now make use of the trends suggested by the experimental results to
calculate hypothetical performance curves for idealised elements con-
structed of two fairly extreme grades of graphite for which the
resistivities are known. The hypothetical cases are so constructed
that they give a rough comparison with the empirical performance
curve given in Figure 7 for Heaters 9, 10 and |l (NTOOO5 graphite,
Regular geometry).

On the basis of the foreqoing results, we take @ to be
independent of T; we do not assert that this is likely to be a
genuine result but merely that such an assumption is likely to
give an adequate representation over a fairly wide range of r.

For comparison with the tests of Heaters 9, 10, and || we select
a = 0.8.

The two grades of graphite considered are graphitised
lampb lack base and graphitised petroleum coke base. The values of
po @nd the variations of p/p, = g(rg) with local temperature for
these graphites (see Reference 4) are shown in Fiqgure 8; the form of
g(TE) for lampblack base graphite can be fitted with very good
sccuracy by the formula

glrte) = (I + TE)-% g (43)

- 20 -
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2 sufficiently simple analytical expression for g(TE) tor
petroleum coke base graphite is not available. In order to
calciulate B from equation (31), it is assumed that the function
f(&) involved in equation (15) for the element temperature

distribution possesses a type of symmetry expressed by

?(8/a) ;s 0<8=2vw
f(&) e (44)
¢|"5. ’ O’Sgﬁl )
| =&
where T denotes the value of & at which f(O) = fnax = |3 the
function @(8) satisfies @(0) = 0, @(i) = 1, @' (1) = 0. Then
equation (31) for B reduces to
1
B = 9('%} (6) ) do , (45)

[

which is independent of G . We now take, for simplicity, for o(8)

the specific parabolic form
p(8) =6(2 - 0) (46)

In this case, equation (45) can be integrated analytically for the form
of g(tg) for lampblack base graphite as given in equation (43), giving

the result
B = ('r/‘;L).’i sin| [ (’r/)()J‘r () + T/‘K)-%} ;47

for petroleum coke base graphite the integration is performed
numerically.

Next, on the basis of the results of Phase 3 of the present
investigation, as recorded in Part |l of this report (Reference 1),

we assume that X s lﬁdependenf of T« While we have no actual

Lol
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measurements of X for Heaters 9, 10, and |l, it appears from the
results of Phase 3 that It is reasonable to choose X = 0.8.

The forms of B for the two hypothetical idealised elements,
in the case when 7( = 0.8, are shown in Figure 9, where the
exper imentally-based curve for Heaters 9, |0 and |l is also shown.
It appears that NTO005 is a material more nearly akin fto lampblack
base graphite than to petroleum coke base graphite, especially at low
temperatures. Incidentally, this indication is in agreement with the
extrapolated values of ry deduced for these heaters, for which a value
of p, of the magnitude of that for lampblack base graphite is required
for consistency with the size of the regular element.

To obtain the corresponding per formance curves for the
hypothetical elements, it is necessary to substitute a = 0.8 and B
as given in Figure 9 into equation (32)« The resultant performance
curves are shown in Figure |0, The chief conclusion to be drawn
from this figure is that the measured performance of Heaters 9, 10
and |1 is consistent with the empirical ly-calculated performances
of the comparable hypothetical elements. The temptation to draw
further conclusions as to the effects of different grades of
graphite must be resisted at this stage. These curves apply only
to the case when a is constant and The‘same for all the elements,
and because of the differences in Po? this almost certainly implies
different geometries. However, it is possible that the theoretical
treatment given here might be extended in such a way as to suggest

an optimum grade of graphite, If such an extension were desired.

- 22 -



5. CONCLUD ING REMARKS

The experiments described in Part |l of this report have
yielded much information of the performance of graphite resistance
heaters for use with nitrogen. Inevitably, because of the
exploratory nature of most of the experiments, not all the results
obtained are amenable to a detailed comparative analysis. Conse-
quently, only those tests for which the basic corditions were most
nearly identical have been analysed here. It has been shown that
the results of these tests fit intfo a consistent ‘theoretical pattern

which offers promise of extended application.
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NOMENCLATURE

Cpo

f(8)

g(TE)

ho

Pt

Pt

coefficient of T in assumed expression for B
coefficient of 73/2 in assumed expression for B
value at room femperature T, of specific heat of gas
at constant pressure; 261+7 joules per pound mass °R.

for nitrogen at 530°R.

function involved in description of temperature
distribution along element

function describing variation of resistivity of element
material with local element temperature

specific total enthalpy of gas; Joules per pound mass

specific enthalpy of gas at temperature T,;
Jjoules per pound mass

current ;amps

constant used in representation of (h.r—ho)/cp To
as a function of T, 0.0185 for nitrogen when ©
T, = 530°R.

length of element; inches

mass flow of gas; pound mass per second

cold mass flow of gas; pound mass per second

total pressure of gas; pound weight per square inch

total pressure of gas in cold flow;
pound weight per square inch

resistance of element; ohms.

cold resistance of element; ohms

minimum resistance of element during one run; ohms
voltage across element; volts

distance along element measured from gas entrance;
inches

-24 -
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Co

Mo

cross-sectional area of element, excluding gas
passage; square inches

area of orifice; square inches

area of orifice in cold flow; square inches
gas constant for unit mass of gas

total temperature of gas; °R.

room temperature, value of TT in cold flow; °R.
max imum temperature along element; °Rr.
non-dimensional quantity defined such that
v=(1/a -1) 7

r/r

(e}

thermal conductivity of element material
at room temperature; watts per inch ©R.

efficiency of heating system

value of 1 in cold fiow - initial efficiency |
of heating system |

dummy variable in ¢(8)
52
rol /mocpoTo
ri2/m00poTo f
m(h*-ho)/mochTb
rate of heat loss from element divided by mochTO
x/ 4 ;
resistivity of element material; ohm inches

resistivity of element material at room temperature;
ohm inches

value of § at which T = TEmax
(TT-TO)/Tb

(TE-TO) /TO

(TEmax-To)/T0

- 25 -



() function used in expressing special form of f(§)

- ™/ Te
max
] (0 + 0 r/rpin
We ratio of pressure drop down element to total pressure

of gas at room temperature

r factor involved in expression for mass flow
through a sonic orifice

- 26 -
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A3 List of tests in Phase 3

Whether
analysis Nominal Mo
Heater Element Element Run  presented P+ Ibs. mass

Number Material Geometry Gas Number (see A.4) p.S.i.a. per second

20 RT0003 Regular B I No (6) 1000 0.0222 0.099
2 No (12) 0.0227 0.096
3 No (5) 0.0234 0.100
4 No (5) 0.0240 0.090
21 AT Regular B ! No (7) 0.0239 0.057
2 No (7) 0.0241 0.058
22 A.T.de Thick B l No (7) 0.0246 0.062
2 No (7) 0.0246 0.062
3 No (43 0.0248 0.034
23 A.T.de Short C | No (7) 0.0246 0,057
24 AeTod. Short C | No (12) 0.0267 0.070

Gas B was regular nitrogen with decreased water cortent

Gas C was super-high purity nitrogen

.......................
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.......................................
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A.4 Reasons governing selection of tests for analysis

The reasons for the omission from the analysis of the results
of certain tests are as follows:
(1) Gas total pressure not constant during run
(2) Gas total pressure constant but not equal to 1000 psia

(3) Pressure drop down cold element greater, by more than
10 percent, than value in previous run of same element

(4) Pressure drop down cold element less, by more than
10 percent, than value in first run of same element

(5) Cold mass flow different, by more than 5 percent, from
value in first run of same element

(6) Fewer than three current settings

(7) Highest gas total temperature attained not significantly
greater than |500°R.

(8) Cold mass flow different, by more than 5 percent, from
value in otherwise comparable tests of other elements

(9) Severe oil contamination during run
(10) Pressure drop down cold element particularly high
(11) Element failed early in run -
(12) lIsolated cases without comparative results
Note: Only one reason is given for the elimination from
presentation of any one run; the reason given is

simply the first apparent, and many runs could be
eliminated for other reasons also.
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